The electrochemical reactions of dopamine, catechol and methylcatechol were investigated at tetrahedral amorphous carbon (ta-C) thin film electrodes. In order to better understand the reaction mechanisms of these molecules, cyclic voltammetry with varying scan rates was carried out at different pH values in H 2 SO 4 and PBS solutions. The results were compared to the same redox reactions taking place at glassy carbon (GC) electrodes. All three catechols exhibited quasireversible behavior with sluggish electron transfer kinetics at the ta-C electrode. At neutral and alkaline pH, rapid coupled homogeneous reactions followed the oxidation of the catechols to the
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implantation in living systems. The electrode material is a key factor in determining the performance of the sensor under these conditions.
Diamond-like carbon (DLC) has received increasing attention, because it has many attractive properties for electrochemical sensor applications: chemical inertness, wide potential window, low background current and excellent mechanical properties [6] [7] [8] . DLC films can be deposited at room temperature allowing the use of a wide array of substrate materials and making it compatible with modern micro-and nanofabrication processes. [8] For in vivo use, DLC has also good biocompatibility [9] and resistance to bacterial adhesion [10] . Despite its potential, only few studies have investigated the application of DLC in the detection of neurotransmitters [11] [12] [13] .
Recently, tetrahedral amorphous carbon (ta-C), a form of highly sp 3 -bonded, undoped DLC, was
shown to be able to detect dopamine and possess favorable properties to be used as a substrate for in vivo electrodes [14, 15] . More importantly, it was shown that it is possible to build on top of ta-C hybrid carbon structures that exhibit very good selectivity and excellent sensitivity toward dopamine [16, 17] . As ta-C forms a large part of these novel hybrid electrodes it is of utmost importance to understand the physicochemical properties of ta-C thins films in contact with electrolytes and neurotransmitters. However, the electrochemical behavior of neurotransmitters at ta-C electrodes has not been investigated in-depth and the role of ta-C in the electrochemical properties of the hybrid carbon electrodes is not known precisely. Thus, this work completes our indepth characterization of ta-C materials carried out during the last two years [14, [16] [17] [18] [19] [20] [21] and provides the necessary electrochemical information needed to proceed to work with the more complex hybrid carbon materials.
In this work, the electrochemical behavior of dopamine, catechol (CA) and methylcatechol (MC) was investigated at ta-C thin film electrodes. The reaction mechanisms of these molecules were studied by cyclic voltammetry (CV) with varying scan rates at different pH values in sulfuric acid
and phosphate-buffered saline (PBS) solutions. Since most carbon electrodes are prone to surface fouling [22] , the rate and extent of passivation of ta-C were examined by scanning several consecutive cycles with CV and analyzing the surface by X-ray photoelectron spectroscopy (XPS).
The results were compared to the oxidation of these compounds at glassy carbon (GC) electrodes.

Material and methods
Ta-C thin film preparation
Tetrahedral amorphous carbon electrodes were fabricated on p-type Si (100) wafers (Ultrasil) with 0.001-0.002 Ohmcm resistivity. A titanium interlayer was deposited before the ta-C layer to enhance adhesion. All wafers were cleaned by standard RCA cleaning procedure before the deposition. Direct current magnetron sputtering (DC-MS) and dual-filtered cathodic vacuum arc (FCVA) deposition systems were used for titanium and carbon deposition, respectively. It is to be noted that both systems are installed in one deposition chamber. Samples were placed in a rotating holder (rotational velocity used was 20 rpm). The vacuum in the chamber was pumped down by dry scroll vacuum pump (Edwards XDS10) and by cryo pump (Cryo-Torr, Helix Technology Corporation). In order to achieve a low vacuum, a high vacuum throttle valve was used. The DC-MS system was equipped with a circular, water-cooled magnetron sputtering source with a 2 inch Ti target (Kurt J. Lesker Company) and a DC generator (DCO2 BP). The shutter was utilized for controlling the sputtering time. Pre-sputtering of 2 min was carried out for cleaning the surface of the Ti target. Titanium interlayers were deposited under the following deposition conditions: discharge power was fixed at 100 W, total pressure was 0.67 Pa, Ar gas flow rate was 28 sccm, deposition temperature was close to room temperature and deposition time was 350 s. The FCVA system (Lawrence Berkeley National Laboratory) was equipped with a 60 o bent magnetic filter for the reduction of the macroparticle contamination. Two 99.997 % graphite rods (Goodfellow) with a diameter of 6.35 mm were used as the carbon cathodes and they were surrounded by a cylindrical
anode. The arc current pulses had an amplitude of 0.7 kA and pulse width of 0.6 ms. Each pulse was triggered at 1 Hz frequency. The 2.6 mF capacitor bank was charged to 400 V. The number of pulses was 360. The distance between the substrate holder and the filter was about 20 cm. Total pressure during the deposition process was no less than 1.3 x 10 -4 Pa.
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Results and Discussion
Physical and chemical characterization of ta-C
The tetrahedral amorphous carbon (ta-C) thin films used in this study have been characterized in detail previously [14] . Here, we briefly summarize the main findings. The surface of ta-C was smooth with an average surface roughness of 1.6 ± 0.25 nm defined by atomic force microscopy (AFM). Transmission electron microscope (TEM) micrographs showed that the ta-C layer was completely amorphous and it was confirmed by X-ray reflectivity (XRR) and electron energy loss spectroscopy (EELS) measurements that the ta-C contained a high amount of sp 3 -bonded carbon.
The XPS results for ta-C are summarized in Table 1 . For the ta-C samples that had not undergone cyclic voltammetry (samples 1 and 2), the atomic weight percent (at%) of sp 2 -bonded carbon was approximately 48 at%, that of sp 3 -bonded carbon 32 at% and other carbon bonds such as C-O bonds accounted for about 8 at%. The ta-C samples contained a relatively high amount of oxygen, roughly 10 at%. Small amounts of nitrogen (about 1 at%) as well as titanium and silicon from the substrate layers were also evident. Nitrogen was present in the vacuum chamber and was most likely introduced in the samples during the deposition procedure. Based on the zeta potential measurement that gave an isoelectric point of pH 2.6 [14] and on the amount of oxygen in the XPS measurements, the surface of ta-C most likely contained acidic functional groups such as carboxyl and hydroxyl groups. This finding was also consistent with the X-ray absorption spectroscopy (XAS) results that confirmed that about 20% of the volume of the sample surface (within the present sampling depth) was composed of hydroxyl, carboxyl, carbonyl and C-O-C bonds [25] .
Catechol/quinone redox system
The structures of catechol, methylcatechol and dopamine are shown in Fig. 1 . These three catechols oxidize to the corresponding ortho-quinones in a two-electron, two-proton transfer process. The order of proton and electron transfer follows the scheme of squares, presented in Fig. 2 , and is
This model assumes that protonations are at equilibrium and that the electron transfer step is rate-determining. [26] [27] [28] The proposed electron and proton transfer sequence at neutral pH is H + , e -, H + , e -and it is illustrated in red in the scheme of squares in Fig. 2 . This transfer sequence has been suggested for hydroquinone on platinum [26] and for methylcatechol, 3,4-dihydroxybenzylamine (DHBA) and 3,4-dihydroxyphenylacetic acid (DOPAC) on carbon paste electrodes [27, 28] . Since DA is structurally very similar to DHBA (Fig. 1) , it most likely follows the same reaction sequence.
The pK a values for CA, MC, and DA are listed in Table 2 . The first two pH values used in this study (0.65 and 7.2) are below pK a5 of all three catechols, so the transfer sequence in the scheme of squares starts from the fully protonated form of the catechol, QH 2 . The last pH value of 10.8 is between pK a5 and pK a6 , therefore the starting point for the reaction is the deprotonated form QH -.
As opposed to outer-sphere redox systems, the electrode surface is known to drastically affect catechol voltammetry [5, 22, [35] [36] [37] . It has in fact been questioned whether the scheme of squares can be applied to all electrode substrates owing to the wide variety of carbon electrode materials and numerous surface preparation methods [36] .
Adsorption also plays a crucial role in the fast electron transfer of catechols. It has been shown that the surface modification of GC by an inert monolayer effectively prevents catechol adsorption and adversely or completely inhibits electron transfer. [35, 36] However, if the adsorbed layer is formed by a quinone, catechol electron transfer is only slightly affected even if adsorption of the catechol is apparently blocked [36] . Furthermore, it has been reported that the adsorption process of dopamine on platinum is sensitive to crystallographic orientation [38] . These findings further emphasize the importance of electrode surface properties on the adsorption and oxidation of catechols.
Oxidation of catechol
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The cyclic voltammograms of catechol in H 2 SO 4 (pH 0.65) and PBS (pH 7.2 and 10.8) are shown in Fig. 3 . In neutral PBS, the oxidation peak of catechol occurs at +0.43 V, while the corresponding reduction peak is near +0.01 V using a scan rate of 50 mV/s. The peak potential separation, ΔE p , is thus 0.42 V. It can be observed from Table 3 that ΔE p changes as a function of scan rate, indicating a quasi-reversible redox system. Similar behavior is observed also in H 2 SO 4 and basic PBS. The large ΔE p values imply sluggish electron transfer kinetics at the ta-C electrode.
After the first scan, there is a considerable increase in ΔE p and decrease in peak currents at neutral pH. This behavior is observed at all scan rates, but it is less adverse at high scan rates and vice versa. Also, the peak current ratio, I red / I ox (Table 3) , deviates significantly from unity at all scan rates, implicating a coupled homogeneous reaction or a complication in the electron transfer process [39] . It is known that at neutral pH the oxidation of catechol is accompanied by hydroxylation and polymerization reactions. The ortho-quinone can undergo a nucleophilic attack by water to yield a hydroxylated derivative such as a 1,2,4-trihydroxybenzene [40, 41] or it can form a dimer with a catechol and polymerize [42] . The shoulder observed after the CA oxidation peak is likely due to the oxidation of one of the products formed in the chemical reactions (no oxidation peak is seen in pure PBS).
The polymerization product is most probably the cause of the electrode surface fouling and leads to the slower electron transfer kinetics and lower peak currents observed after the first scan.
Polycatechol films have been reported on glassy carbon [43] and gold [44] electrodes and have been suspected to be the cause of fouling also on boron-doped diamond [45] .
At pH 10.8 in PBS, the oxidation peak is shifted to more negative potentials, at +0.03V, since the deprotonation step in the scheme of squares is pH dependent [26] [27] [28] 46] . The reduction peak of the ortho-quinone is not observed at slow scan rates and clearly appears only at a scan rate of 200 mV/s, increasing in magnitude at faster scan rates. This indicates the occurrence of an irreversible
chemical reaction coupled to the oxidation of catechol. At slow scan rates the ortho-quinone is totally consumed by the chemical reaction and no reduction peak is seen. The hydroxylation reaction has been shown to be quite rapid at high pH because of the abundance of hydroxyl ions that can attach to the o-quinone ring by nucleophilic addition [40] . The observed rate constant for dimerization also increases in more alkaline solutions [42] , which could explain why the electron transfer is more adversely inhibited at pH 10.8 than in neutral PBS (both in terms of ΔE p and peak current magnitude as can be seen from Fig. 3 ). The shoulder following the oxidation peak is present at all scan rates and could possibly correspond to the oxidation of one of the products formed in the chemical reactions. This possible oxidation product is not reduced within the investigated potential window, however.
In H 2 SO 4 , the redox peaks are shifted to more positive values compared to neutral PBS. The oxidation peak is found at +0.7 V and the reduction peak at +0.34V. The voltammetric response in H 2 SO 4 deteriorates significantly less than in neutral and basic solutions even if the peak current ratio still greatly deviates from unity (Table 3) . Thus, the polymerization must be inhibited or prevented and another irreversible chemical reaction most likely accounts for the low I red / I ox value.
Additionally, no shoulder resulting from hydroxylation or polymerization products is seen after the oxidation peak of catechol.
Oxidation of methylcatechol
The electrochemical response of methylcatechol at ta-C electrodes is similar to that of catechol as can be seen from Fig. 4 . In neutral PBS, the oxidation peak of MC is seen at +0.29 V and the reduction peak at -0.01 V. The ΔE p values, given in Table 4 , change as a function of scan rate indicating a quasi-reversible process with slow electron transfer kinetics. The redox peaks shifted to more negative potentials as pH increased and vice versa.
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In spite of the similar behavior, the ΔE p values indicate that the electron transfer of MC is faster than that of CA at the ta-C electrode. Especially in H 2 SO 4 and neutral PBS, the ΔE p values are significantly lower. However, deterioration of the electrochemical response still occurs at approximately the same rate as with catechol, which can be seen from the change in ΔE p over the course of 10 consecutive cycles as shown in Figure 5 . The peak currents also diminish as the scanning progresses. The ΔE p values at 50 and 500 mV/s seem to reach the same final value after scanning 10 cycles, corresponding possibly to the full extent of passivation of the electrode surface.
In the same way as catechol, methylcatechol can also undergo hydroxylation and dimerization reactions after being oxidized to the o-quinone [40, 47] . The shoulders that are seen on the CVs after the oxidation peak are likely due to the oxidation of the compounds resulting from these coupled chemical reactions. Again, note that this possible oxidation product is not reduced within the investigated potential window, as was the case with CA.
The deterioration of the electrode kinetics is slight in H 2 SO 4 , while it is marked in neutral and alkaline PBS. At pH 10.8, the increase in ΔE p values was most significant and the I red / I ox ratios deviated most from unity. The coupled chemical reaction is clearly irreversible, since no reduction peak was observed below 50 mV/s and its magnitude increased at faster scan rates. As it was seen previously with CA, the hydroxylation and dimerization reactions appear to be very fast at high pH and slow down considerably at low pH. [40] .
Comparing the behavior of CA and MC, the slight differences are most likely related to the methyl group in methylcatechol. It could protect the aromatic ring from nucleophilic attack in position 4
and possibly provide some steric hindrance against the formation of the polymer layer. In addition, the CH 3 group could explain the lower ΔE p values in comparison to CA. It has been suggested that substitution of electron-donating groups such as CH 3 renders certain aromatic compounds more easily oxidizable [31, 48] .
Oxidation of dopamine
The cyclic voltammograms of dopamine are shown in Fig. 6 . In neutral PBS at a scan rate of 50 mV/s, the oxidation peak appears at +0.39 V and the reduction peak at 0.00 V. The magnitude of the reduction peak is very small and the I red / I ox value is only 0.11 (Table 5 ). This behavior is explained by a coupled chemical reaction in which the dopamine o-quinone undergoes an intramolecular cyclization via 1,4-Michael addition with its amine side chain to form leucodopaminechrome (LDAC) [49] [50] [51] . At very slow scan rates, the o-quinone is completely consumed in the chemical reaction before it is reduced back to dopamine and therefore reduction does not occur at all.
However, a scan rate of 50 mV/s is fast enough so that a small reduction peak is observed. An additional reduction peak appears at -0.5 V on the first scan corresponding to the reduction of dopaminechrome (DAC) to leucodopaminechrome (LDAC). On the subsequent scan, the corresponding oxidation of leucodopaminechrome can be seen at +0.06 V.
In the case of CA and MC, the o-quinone undergoes nucleophilic attack by H 2 O, but the side chain intracyclization of dopamine is three orders of magnitude faster than the rate of addition of H 2 O to dopaminequinone [50] . Therefore, any nucleophilic reaction is largely overrun by the faster intracyclization. In H 2 SO 4 , however, the intracyclization is prevented because at low pH the amino side chain is protonated [49, 51, 52] , which also explains why the dopaminechrome redox pair is not seen in the CVs. Therefore, the hydroxylation reaction may be feasible also for DA in acidic medium. Despite the fact that this reaction has been suggested to be very slow on the time-scale of cyclic voltammetry at low pH [50] , the large deviation of peak current ratio from 1 indicates that it may still play some role when the faster intracyclization is prevented.
The reaction pathway in neutral PBS can be defined as an ECE mechanism and it has been reported to take place for catecholamines on carbon electrodes [49, 51] as well as gold [52] and platinum [38] . In addition, an ECC mechanism in which leucodopaminechrome is reduced by dopamine o-
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quinone to dopaminechrome has been suggested [49, 50, 53] . It is well established that dopaminechrome (DAC) further reacts to form a melanin-like polymer [51, 52] . According to the ECECEE mechanism proposed by Li et al. for the formation of this polymer film on gold electrodes, dopaminechrome (DAC) is first isomerized to 5,6-dihydroxyindole, then oxidized to 5,6-indolequinone which is in turn oxidized to poly(5,6-indolequinone) [52] . Self-polymerization of dopamine in alkaline aqueous solutions to form polydopamine films has been shown to occur on a wide variety of substrate materials [54] . The exact mechanism of polydopamine formation is still debated in literature. However, all the proposed mechanisms involve the indolequinone as a building block that is either covalently or non-covalently bonded (or a mixture of both types of bonds) to other monomers. Properties of polydopamine and its polymerization mechanisms have been recently reviewed in detail [55] .
The formation of polydopamine is the most probable cause of the severe passivation of the ta-C electrodes seen in neutral and alkaline solutions in Fig. 6 . A significant increase in ΔE p (see also Fig. 8 ) and a decrease in peak currents can be noticed in only a few cycles until all the peaks flatten at slow scan rates. The XPS data in Table 1 also shows a significant increase in nitrogen for samples that have been cycled at either 10 or 50 mV/s in PBS (pH 7.2 or 10.9). This nitrogen is attributed to the amine group in dopamine, since the PBS solutions do not contain this element. At high scan rates in neutral PBS (Fig. 6 E) , the intramolecular cyclization does not have time to occur and the passivation is less significant. This can be seen from the clear reduction peak of dopaminequinone and consequently higher I red / I ox ratio at higher scan rates. Additionally, the redox peaks of the dopaminechrome pair become less discernible as seen in Fig. 6 E. Thus, the intramolecular cyclization can be avoided by increasing scan rate. However, in alkaline pH, the coupled chemical reaction is so fast that increasing the scan rate to 1000 mV/s does not prevent it from taking place. Furthermore, the reduction of dopaminequinone is not seen at all even at fast
scan rates (Fig. 6 F) . Oxidation peaks at around +1.0 V are attributed to the oxidation of products formed in the polymerization process of DA.
In H 2 SO 4, the electrochemical behavior of dopamine ( Fig. 6 A and D) is very similar to that of catechol and methylcatechol because, as mentioned previously, the intracyclization is inhibited. The oxidation of DA to dopaminequinone occurs at +0.65 V and the reduction at +0.39 V (50 mV/s), and no other redox peaks are observed. The electron transfer kinetics are slow and the process is quasi-reversible. The peak potential separation and peak current magnitude do not change severely over the course of 10 consecutive cycles, thus polymerization reactions do not seem to occur extensively. However, the I red / I ox ratio of 0.58 (Table 5) suggests that a coupled homogeneous reaction follows the oxidation of dopamine even at low pH.
While considering the results of the passivation studies above, it should be noted that the polymerization of dopamine is prevented in the central nervous system because physiological reducing agents, such as ascorbic acid, reduce dopaminequinone back to its original form before the intracyclization can occur [51] . Therefore the deterioration of electrode kinetics reported here does not apply directly to conditions in the central nervous system. Furthermore, passivation is much less severe at low concentration of dopamine such as in the brain, because less oxidation products are accumulated at the surface of the electrode [22] .
Comparison with glassy carbon
Since the electrochemical reactions of different catechols have been studied extensively on glassy carbon, the present results obtained at ta-C electrodes were compared to those acquired at GC electrodes. Only data at neutral pH was considered. The cyclic voltammograms at 50 mV/s are presented in Figure 7 and the ΔE p and I red / I ox values are calculated in Table 6 . The ΔE p values are in agreement with those found in literature [35, 36] . The redox reactions on GC are considerably
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more reversible than on ta-C. The peak potential separation still shows a dependency on scan rate and the reactions of all three catechols are quasi-reversible as at ta-C electrodes.
The I red / I ox ratios are close to unity at all scan rates for methylcatechol and there is slight deviation only at 10 mV/s for catechol. However, the I red / I ox ratios deviate considerably for dopamine indicating a coupled chemical reaction that is very marked at slow scan rates. In Fig. 7 C, the second redox pair attributed to dopaminechrome is clearly visible and thus the same EC mechanism is observed on both GC and ta-C. However, the redox peaks are much more reversible and welldefined on GC.
Some deterioration of the electrode kinetics is seen particularly at slow scan rates, whereas at fast scan rates it is much more negligible than on ta-C. The change in ΔE p values over ten cycles at ta-C and GC electrodes are shown in Fig. 8 for comparison. The difference in the reversibility of the dopamine redox reaction is obvious as well as the difference in the rate of passivation between the two electrodes.
Observed trends
In this section some general trends that were observed in the experiments are illustrated. The plots of log(I ox ) vs log(v) are presented in Fig. 9 for all three catechols. The slope for a diffusioncontrolled process should be 0.5 and for an adsorption-controlled process it should be 1 [39] . The slopes, given in Table 7 , are very close to 0.5 at neutral and acidic pH, while at more alkaline pH they are significantly lower than 0.5 for all three of the catechols. Thus, it can be concluded that at neutral and acidic pH the oxidation reactions of CA, MC and DA are all more or less under diffusion control. In the literature it has been demonstrated that the adsorption of catechols is necessary for the electron transfer reactions to occur [35, 36] . This is, however, not in disagreement with the present results since the fact that adsorption is required in the oxidation does not necessarily mean that it is the rate determining step.
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Plots of the oxidation peak potential E ox versus pH are shown in Fig. 10 and the corresponding slopes are given in Table 7 . The experimental data gives slopes that are very close to -59 mV per pH unit which is consistent with a 2-electron and 2-proton transfer mechanism at pH values below 9. Similar results have been reported in literature [46, 50] .
In Figure 11 , the ΔE p values are plotted versus pH. The peak potential separations at pH 0.65 and 10.8 are clearly smaller than at neutral pH and indicate that electron transfer is slowest around neutral pH for all the catechols. From Figure 12 it can be seen that neutral pH also corresponds to the lowest I ox values, so the extent of oxidation of the catechols is lowest around pH 7.2. Consistent with the trend seen in oxidation peak currents, the peak current ratios I red / I ox show the highest values at pH 7.2 for CA and MC (Fig. 13) . Dopamine, however, behaves differently due to the intramolecular cyclization that occurs very rapidly at neutral and alkaline pH. The value of I red / I ox is therefore heavily dependent on the scan rate. At slow scan rates, dopaminequinone is consumed completely and no reduction occurs. Thus, the I red / I ox ratio is lower at neutral than at acidic pH. At high scan rates the reduction occurs and the peak current ratio is again higher than at pH 0.65. The reduction peak is not observed at all at pH 10.8 due to the rapidity of the chemical reaction.
Conclusion
The electrochemical response of catechol, methylcatechol and dopamine was investigated at ta-C electrodes. It was shown that all of these redox systems exhibited quasi-reversible behavior with sluggish electron transfer kinetics and the reactions were apparently diffusion-controlled. At neutral and alkaline pH, coupled homogeneous reactions followed the oxidation to the ortho-quinone and led to significant deterioration of the electrode response. At acidic pH, the extent of deterioration was considerably lower. An EC mechanism was observed for the oxidation of dopamine at both ta-C and GC electrodes and the formation of polydopamine passivated the electrodes. The redox
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reactions of all three catechols showed faster electron transfer kinetics at GC electrodes and GC was less susceptible toward surface fouling than ta-C.
Despite the several advantages attributed to ta-C in electrochemical sensor applications, ta-C by itself is not well suited for the detection of DA because of its slow electron transfer kinetics for catechol redox systems associated with poor selectivity and sensitivity toward dopamine [14] .
Future work will investigate the electrochemical behavior of dopamine at hybrid carbon electrodes where ta-C has been used as a substrate material.
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